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1 These authors contributed equally to this work.TRPN1 is a candidate mechanotransduction channel in Drosophila and Caenorhabditis elegans, also
present in hair cells of lower vertebrates. At its N-terminal cytoplasmic tail it contains 28 ankyrin
repeats. We performed a yeast two-hybrid screen with the N-terminal ankyrin repeats of Xenopus
TRPN1 as bait and identiﬁed the Penta-EF-hand protein peﬂin as a putative interaction partner.
We conﬁrmed this interaction by GST pulldown assays and by co-localization in an epithelial cell
model. Collectively, our study identiﬁes peﬂin as an interaction partner of TRPN1 in vitro.
Structured summary of protein interactions:
TRPN1 physically interacts with Peﬂin by two hybrid (View Interaction: 1, 2, 3)
TRPN1 and Peﬂin colocalize by ﬂuorescence microscopy (View Interaction: 1, 2)
TRPN1 physically interacts with Peﬂin by pull down (View Interaction: 1, 2, 3)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Transient receptor potential N (TRPN1) is a good candidate for a
mechanosensitive transduction channel in Drosophila [1,2] and
Caenorhabditis elegans [3]. It was initially identiﬁed in a genetic
screen for touch-insensitive Drosophila mutants [4,5] and dubbed
no mechanoreceptor potential C (nompC). Recently, Drosophila
NOMPC was localized to the distal tips of mechanosensory cilia
in sensory neurons [6–8] and the C. elegans NOMPC orthologue
has been shown to be a pore forming channel [3].
TRPN1 is also present in mechanosensory hair cells of lower
vertebrates, such as zebraﬁsh [9] and the clawed frog, Xenopus lae-
vis [10]. In zebraﬁsh, morpholino-mediated removal of TRPN1
function eliminates microphonic potentials of hair cells and results
in larval deafness and imbalance [9]. Xenopus TRPN1 (xlTRPN1)
localizes to the tips of kinocilia [10], which have recently been
shown to mediate mechanosensitivity in developing zebraﬁsh hair
cells [11], arguing for a role of TRPN1 in transduction also in lower
vertebrates.chemical Societies. Published by E
ransferase; NHB, N-terminal
ptor potential
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er).A unique feature of TRPN1 is the presence of 28–29 ankyrin
(ANK) repeats at its cytoplasmic N-terminal tail, comprising 1
000 amino acids. Crystallization of twelve ANK repeats of human
ankyrinR revealed that they fold into a superhelix [12], resembling
a nanospring. Atomic-force microscopic measurements indeed re-
vealed that tandem ANK repeats are elastic and behave as a linear
and reversible spring [13] with a spring constant comparable to the
gating spring of hair cells (1 mN/m) [14]. Thus, the ankyrin re-
peats of TRPN1 may transmit mechanical forces to the channel.
Here we show that in vitro the terminal ANK repeats of xlTRPN1
interact with the Penta-EF-hand protein peﬂin, a putative Ca2+
binding protein of unknown function.
2. Materials and methods
2.1. DNA constructs
For yeast two-hybrid assays, residues 1–209 and residues
1395–1521 of xlTRPN1 were ampliﬁed and cloned into the pGBKT7
GAL4 DNA-binding vector (Clontech, Palo Alto, CA, USA) to yield
clones TRPN1_ANK1–6 and TRPN1_C, respectively. Peﬂin was
cloned into the pACT2 GAL4 DNA-activating vector (Clontech).
For GST fusion proteins, xlTRPN1 fragments were cloned into
pGEX-2TK (GE Healthcare). For fusions with GFP, xlTRPN1 and
peﬂin were cloned into pEGFP-C1 (Clontech) and for fusions with
mCherry, the sequence coding for GFP in TRPN1-pEGFP-C1 waslsevier B.V. All rights reserved.
Fig. 1. TRPN1 fragments interact with peﬂin in a yeast two-hybrid assay. (A)
Schematic topology of xTPRN1 with the 28 ANK repeats depicted as grey ellipses.
ANK1-6 and the C-terminal tail that were used as baits in (B) are highlighted by
dashed squares. (B) In yeast, ANK1-6 (left two quadrants) and the C-terminal tail of
xlTRPN1 (right two quadrants) interact with peﬂin (upper two quadrants), but not
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plementary material online.
2.2. Yeast two-hybrid assay
The yeast two-hybrid assay was conducted using the MATCH-
MAKER GAL4 Two-Hybrid System 3 and a Xenopus laevis oocyte
Matchmaker cDNA library (Clontech), according to the manufac-
turer’s instructions. For details, see Supplementary material online.
2.3. GST fusion protein binding assays
GST fusion protein binding assays were conducted as described
previously [15]. For Western Blot analysis, an anti-GFP antibody
(1:2500) (Sigma–Aldrich, Deisenhofen, Germany) and an HRP-
coupled anti-mouse antibody (1:5000) (Sigma–Aldrich) were used.
For details, see Supplementary material online.
2.4. Cell culture, transfection and immunoﬂuorescence microscopy
COS-7 cells were maintained and transfected as described pre-
viously [15]. LLC–PK1–CL4 cells (CL4 cells; kindly provided by Dr.
Jim R. Bartles, Department of Cell and Molecular Biology, North-
western University, Chicago, Illinois, USA) were grown in Minimal
Essential Medium Alpha Medium (Invitrogen), supplemented with
10% bovine serum albumin and 5% penicillin/streptomycin. Cells
were transfected with 1.5 lg of each cDNA construct using Lipo-
fectamine 2000™ (Invitrogen) according to the manufacturer’s
protocol. For details on immunoﬂuorescence microscopy, see Sup-
plementary material online.with syntaxin (lower two quadrants). Depicted is growth of co-transformed yeast
on selective plates (His/Leu/Trp).
Fig. 2. The N-terminal ankyrin repeats of xlTRPN1 interact with peﬂin in GST
pulldown assays. (A) Schematic representation of peﬂin. The nine nonapeptide
repeats in the N-terminal NHB domain are depicted as light grey boxes, the
consensus loops of the ﬁve EF hands in the C-terminal PEF domain as dark grey
boxes. (B) The expression of the GFP-peﬂin fusion (calculated molecular mass,
57 kDa) is shown in the upper panel and represents 5% of the input used for the
pulldown assays (lanes 1–6). Cell lysates were incubated with glutathione-
Sepharose beads carrying GST (lane 1), GST-TRPN1_C-trunc (lane 2), GST-
TRPN1_ANK1–2 (lane 3), GST-TRPN1_ANK3–6 (lane 4), or GST-TRPN1_ANK1–6
(lane 5) and bound proteins analyzed by Western blotting using an anti-GFP
antibody. None of the GST fusion proteins interacted with GFP alone (calculated
molecular mass, 27 kDa); shown is an example for GST-TRPN1_ANK1–2 (lane 6).3. Results and discussion
3.1. TRPN1 interacts with the Penta-EF-hand protein peﬂin
Using a yeast two-hybrid assay, we screened a Xenopus laevis
cDNA library with the six N-terminal ankyrin (ANK) repeats of
TRPN1 as bait (residues 1–209; Fig. 1A) and isolated a full-length
sequence of the Xenopus orthologue of peﬂin (penta-EF-hand pro-
tein with long N-terminal hydrophobic domain) as a putative inter-
action partner (Fig. 1B). Peﬂin is a 30 kDa protein with unknown
function [16]. It belongs to the penta-EF-hand (PEF) protein family,
members of which contain ﬁve EF-hands in their C-terminal do-
main and an N-terminal hydrophobic domain (NHB domain) [17]
(Fig. 2A). Peﬂin has an unusually long NHB domain that contains
nine repeats of a nonapeptide (consensus sequence: A/
PPGGPYGGP) [16]. The closest relative of peﬂin within the PEF fam-
ily is ALG-2 (apoptosis-linked gene-2), which has recently been
shown to interact with the TRP channel TRPML1 [18], a TRP chan-
nel expressed in lysosomes and mutated in mucolipidosis type IV.
In contrast to TRPN1, TRPML1 lacks ANK repeats and interacts via a
patch of charged residues at its cytoplasmic N-terminal tail with
ALG-2 [18].
We then asked whether peﬂin also interacts with the C-termi-
nal tail of TRPN1. This was indeed the case, as peﬂin also interacted
with the cytoplasmic C-terminal tail of TRPN1 in the yeast two-
hybrid assay (Fig. 1B). This situation is reminiscent of TRPV1 and
TRPV4, TRP channels that also interact with both their N-terminal
ANK repeats and their C-terminal tail domains with the Ca2+-
binding protein calmodulin [19–22].
We next conﬁrmed the interaction of TRPN1 with peﬂin in GST
pulldown assays. The six N-terminal ANK repeats (ANK1–6; resi-
dues 1–209), corresponding to the bait used in the initial yeast
two-hybrid screen, and the carboxyl-terminal cytoplasmic tail
(residues 1395–1521) were synthesized in bacteria as GST fusion
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recovered only in small amounts. We therefore created additional
fusions of smaller TRPN1 fragments; we fused ANK1–2 (residues
1–73), ANK3–6 (residues 71–209), and a truncated fragment of
the C-terminal tail (residues 1448–1521) to GST. These shorter
proteins were still not readily soluble but better recovered from
bacteria than ANK1–6 and the complete C-terminal tail
(Supplementary Fig. S1). Following puriﬁcation, GST fusion
proteins were incubated with cell lysates containing peﬂin fused
to the C-terminus of GFP. GST and GFP alone were used as negative
controls. These pulldown assays revealed that ANK1–6, ANK1–2,
ANK3–6, and the truncated carboxyl-terminal tail speciﬁcally
interacted with peﬂin (Fig. 2B), conﬁrming the interaction
between TRPN1 and peﬂin. Moreover, these results indicate that
several ANK repeats in the N-terminal tail of TRPN1 interact with
peﬂin.
3.2. The NHB domain of peﬂin and the ability to bind Ca2+ are crucial
for the interaction with TRPN1
We next wanted to identify the domains of peﬂin that mediate
the interaction with TRPN1. The Ca2+-binding protein calmodulin
has four EF-hands, EF1–EF2 and EF3–EF4, which form spatially sep-
arated subdomains, the N- and C-lobes, respectively, that function
(almost) independently [23]. Compared to calmodulin, PEF pro-
teins have seven-residue-deletions between EF-2s and EF-3s in a
region that links N- and C-lobes in calmodulin, indicating that
the two lobes may not be independent in peﬂin [16]. The additional
EF hand of peﬂin, EF5, is unpaired and does not bind Ca2+ but medi-
ates heterodimerization with ALG-2 [24]. Therefore, we created
peﬂin fragments, in which we deleted 1) EF5 (DEF5), 2) the NHB
domain (DNHB), 3) EF3–EF5 (DEF3–5), or 4) the NHB domain to-
gether with NHB/EF1-2 (DNHB/EF1-2Fig. 3, lanes 3 to 6, respec-
tively). Moreover, we asked whether the ability of peﬂin to bind
Ca2+ is important for the interaction with TRPN1. It is unclear
whether peﬂin indeed binds Ca2+ but peﬂin translocates to mem-
branes in the presence of Ca2+ [16,25] and heterodimerization with
ALG-2 occurs only in the absence of Ca2+, suggesting peﬂin does
bind Ca2+. EF-hands 1 and 3 of peﬂin best conform to the EF-hand
consensus sequence [16] and both contain a conserved glutamate
residue (E137 and E204, respectively) at position –z that is critical
for Ca2+ coordination [26]. We therefore created a mutant of peﬂin
in which we substituted E137 and E204 by alanine (Fig. 3, lane 2).Fig. 3. Truncations of peﬂin and mutations in EF hands strongly decrease interaction w
diagram of peﬂin and its truncations used in GST pulldown assays. Asterisks indicate th
acids of peﬂin present in the constructs, respectively. All constructs were used as C-termi
transiently expressing GFP-peﬂin, truncations and the Ca2+-binding mutation of peﬂin w
bound proteins analyzed by Western blotting using an anti-GFP antibody. The expression
pulldown assay. Right, scatter dot plot illustrating quantiﬁcation of ﬁve similar GST pu
S.E.M., respectively; n = 5. For quantiﬁcation, the ratios of the intensities of bands in the p
(B) as in (A) but with glutathione-Sepharose beads carrying GST-TRPN1_C-trunc. n = 5.We then performed GST pulldown assays with ANK1–2 and the
fragments and the Ca2+-binding mutant of peﬂin fused to GFP.
Fig. 3A shows one example of such an experiment and a quantita-
tive analysis of a total of ﬁve similar experiments, in which the
amount of interacting protein was normalized to full-length wild-
type peﬂin. While ANK1–2 pulled down the Ca2+-binding mutant
and all truncated forms of peﬂin in signiﬁcantly (P < 0.01) smaller
amounts than full-length wildtype peﬂin (Fig. 3), the interaction
was almost abolished for DNHB and DNHBEF1 + 2, lacking the
NHB domain (<10% of protein pulled down in comparison to wt
peﬂin; P << 0.01). These results suggest that peﬂin has several
interaction sites with the ANK repeats of TRPN1 and that the
NHB domain and EF5, which mediates dimerization, are especially
important for binding ANK repeats. The interaction of ANK1–2
with the Ca2+ binding mutant of peﬂin was also strongly reduced
(31 ± 9% of protein pulled down in comparison to wt peﬂin;
P < 0.01), suggesting that the ability to bind Ca2+ is also important
for binding TRPN1 ANK repeats.
We did similar pulldown assays with the C-terminal tail of
TRPN1. As shown in Fig. 3B, the C-terminal tail pulled down the
Ca2+-binding mutant of peﬂin equally well as wt peﬂin and it
pulled down DNHB even better than wt (P < 0.01). In contrast,
the three truncations lacking one or several EF-hands were pulled
down in signiﬁcantly (P < 0.05) smaller amounts than wt peﬂin
(Fig. 3B). This reduction was especially prominent for DEF5 and
DEF3–5 (<20% of protein pulled down in comparison to wt peﬂin;
P << 0.01), suggesting that EF5 and the ability of peﬂin to dimerize
is particularly important for its interaction with the C-terminal tail
of TRPN1. These results suggest that different surfaces of peﬂin
interact with the ANK repeats and the C-terminal tail. While the
presence of the NHB domain is important for the interaction with
ANK1–2, it is dispensable and may even hinder the interaction
with the C-terminal tail.
3.3. Peﬂin co-localizes with TRPN1 in a hair cell model
Next, we investigated interaction of TRPN1 and peﬂin in CL4
cells, an epithelial cell model in which certain hair cell plasma
membrane proteins are more efﬁciently targeted to the plasma
membrane than in other cell lines [27]. When expressed in CL4
cells, mCherry-TRPN1 localized intracellularly in a reticular pattern
(Fig. 4A). Staining of TRPN1-transfected CL4 cells with a polyclonal
anti-TRPN1 antibody [10] yielded a similar pattern (not shown),ith the ankyrin repeats and the C-terminal domain of xlTRPN1. (A) Left, schematic
e E-to-A exchanges in the ﬁrst and third EF hands and numbers indicate the amino
nal fusions to GFP (calculated molecular mass, 39–57 kDa).Middle, lysates from cells
ere incubated with glutathione-Sepharose beads carrying GST-TRPN1_ANK1–2 and
of the proteins is shown in the left panel and represents 5% of the input used for the
lldown experiments; each dot represents one experiment, bars indicate mean and
ulldown and the input were calculated and normalized to these ratios for wt-peﬂin.
⁄, P < 0.05, ⁄⁄, P < 0.01; ⁄⁄⁄, P < 0.001 (Student’s t test).
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Fig. 4. TRPN1 and peﬂin co-localize in CL4 cells. (A) Subcellular distribution of GFP-
peﬂin and mCherry-TRPN1 in CL4 cells shown by confocal microscopy. (B) When
co-expressed, mCherry-TRPN1 redistributed GFP-peﬂin from the typical punctate
pattern to the TRPN1-like pattern. (C) GFP-peﬂin did not colocalize with deletions of
TRPN1, which either truncated ANK1–6 or the C-terminal tail (residues 1395-1521)
or both. mCherry-TRPN1 is in red and GFP-peﬂin in green. Scale bars, 10 lm. (D)
Quantiﬁcation of the co-localization of GFP-peﬂin with mCherry-TRPN1 and its
truncations. Quantiﬁcation was done using the co-localization tool of the ZEN
software (Carl Zeiss, Jena, Germany). ⁄⁄⁄, P < 0.001 (Student’s t test), n = 18.
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A
Fig. 5. TRPN1_ANK1–2 and peﬂin co-localize in CL4 cells. (A) Subcellular distribu-
tion of RFP-ANK1–2 and GFP-peﬂin in CL4 cells shown by confocal microscopy. (B)
When coexpressed, GFP-peﬂin redistributed RFP-ANK1–2 to a punctate pattern.
RFP-ANK1–2 is in red and GFP-peﬂin in green. Scale bars, 10 lm.
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tion of TRPN1. Co-localization studies with protein disulﬁde isom-
erase (PDI) and giantin, marker proteins for the ER and the Golgi,respectively, revealed predominant expression of mCherry-TRPN1
in the ER (Supplementary Fig. S2).
GFP-peﬂin had a different localization than mCherry-TRPN1:
ﬂuorescence was mainly associated with a few large intracellular
punctae (Fig. 4A). Co-localization studies revealedno co-localization
with marker proteins for the ER and different vesicles
(Supplementary Fig. S2), suggesting that the punctae after overex-
pression of peﬂin originate from aggregates in the cytoplasm.
Expression of the peﬂin fragments in CL4 cells revealed that they
formed similar punctae as wt peﬂin with the exception of DNHB
andDNHBEF1–2, whichwere diffusely distributed in the cytoplasm
and the nucleus (Fig. 6A), suggesting that the NHB domainmediates
aggregation of peﬂin, presumably via hydrophobic interactions.
When co-expressed with mCherry-TRPN1, GFP-peﬂin changed
its distribution and no longer localized in a punctate pattern but
in a reticular pattern, similar to TRPN1 (Fig. 4B). This mCherry-
TRPN1-dependent distribution of GFP-peﬂin overlapped with the
PDI staining (Supplementary Fig. S2C), suggesting that in the pres-
ence of TRPN1 GFP-peﬂin was associated with the ER. Thus, co-
expression of TRPN1 and peﬂin revealed that both proteins tightly
interacted in CL4 cells. When we co-expressed deletion mutants of
TRPN1 that either truncated ANK1–6 (DANK1–6) or the C-terminal
tail (DC) or both (DANK1–6/C), peﬂin was no longer redistributed
and localized in its typical punctate pattern (Fig. 4C), showing that
both ANK1–6 and the C-terminal domain are necessary for the
tight interaction of peﬂin with TRPN1 in living cells.
These results contrast with the GST pulldown assays where pef-
lin interacted with ANK1–2 and the C-terminal tail in the absence
of the other domain. Therefore, we asked whether peﬂin interacts
with the ANK repeats of TRPN1 also in CL4 cells and fused ANK1–2
to RFP. RFP-ANK1–2 was diffusely distributed in the cytoplasm of
CL4 cells (Fig. 5A). After co-expression of RFP-ANK1–2 with GFP-
peﬂin, RFP-ANK1–2 adopted the staining pattern of GFP-peﬂin: in
addition to the diffuse distribution, RFP ﬂuorescence co-localized
with the GFP ﬂuorescence to large intracellular punctae. This result
suggests that peﬂin interacts with the isolated two N-terminal ANK
repeats of TRPN1 also in CL4 cells. Together these results suggest
that ANK1–2 tightly interact with peﬂin but when fused to the
TRPN1 backbone this interaction needs the support of the
C-terminal tail. Similarly, the interaction of peﬂin with the
C-terminus fused to the TRPN1 backbone needs the support of
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4280 D. Wiemuth et al. / FEBS Letters 586 (2012) 4276–4281the N-terminal ANK repeats. In agreement, neither of the peﬂin
fragments was redistributed by TRPN1 in CL4 cells, as expected
from the loss of their interaction with ANK1–2 in pulldown assays
(Fig. 6B and C).
Because the function of peﬂin is unknown and xlTRPN1 has so
far not been functionally expressed, we can only speculate on the
possible impact of its interaction with TRPN1. Since preliminaryevidence suggests that peﬂin binds Ca2+ [16,25], the impact of pef-
lin on TRPN1 may relate to its capacity to bind Ca2+. The transduc-
tion channel of hair cells is Ca2+-permeable and Ca2+ contributes to
transduction channel adaptation. Fast adaptation is thought to be
initiated by Ca2+-binding to the transduction channel itself or a
protein in direct contact with it. Peﬂin is a candidate for a Ca2+-
binding protein in direct contact with xlTRPN1, an ortholog of
D. Wiemuth et al. / FEBS Letters 586 (2012) 4276–4281 4281the ﬂy transduction channel, potentially implicating peﬂin in fast
transducer channel adaptation.
In conclusion, we have identiﬁed peﬂin as a protein interacting
in vitro with TRPN1. Peﬂin may thus be a newly identiﬁed compo-
nent of the transduction apparatus of hair cells of lower
vertebrates.
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